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Abstract

Spike-responses of single binocular neurons were recorded from a distinct part of primary visual cortex, the parastriate
cortex (cytoarchitectonic area 18) of anaesthetized and immobilized domestic cats. Functional identification of neurons was
based on the ratios of phase-variant (F1) component to the mean firing rate (F0) of their spike-responses to optimized
(orientation, direction, spatial and temporal frequencies and size) sine-wave-luminance-modulated drifting grating patches
presented separately via each eye. In over 95% of neurons, the interocular differences in the phase-sensitivities (differences
in F1/F0 spike-response ratios) were small (#0.3) and in over 80% of neurons, the interocular differences in preferred
orientations were #10u. The interocular correlations of the direction selectivity indices and optimal spatial frequencies, like
those of the phase sensitivies and optimal orientations, were also strong (coefficients of correlation r $0.7005). By contrast,
the interocular correlations of the optimal temporal frequencies, the diameters of summation areas of the excitatory
responses and suppression indices were weak (coefficients of correlation r #0.4585). In cells with high eye dominance
indices (HEDI cells), the mean magnitudes of suppressions evoked by stimulation of silent, extra-classical receptive fields via
the non-dominant eyes, were significantly greater than those when the stimuli were presented via the dominant eyes. We
argue that the well documented ‘eye-origin specific’ segregation of the lateral geniculate inputs underpinning distinct eye
dominance columns in primary visual cortices of mammals with frontally positioned eyes (distinct eye dominance columns),
combined with significant interocular differences in the strength of silent suppressive fields, putatively contribute to
binocular stereoscopic vision.
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Introduction

In mammals with frontally positioned eyes such as domestic cats

or macaque monkeys, the great majority (,90%) of neurons in the

dorsal lateral geniculate nucleus (LGNd) are reported to be

monocular, that is, they generate action potentials (spikes) only

when appropriate visual stimuli are presented via a particular eye

[1–6]. In the striate cortices (cytoarchitectonic areas 17, areas V1)

of those species, within topographic representation of a given part

of the contralateral visual hemifield, there is very little overlap

between the subregions of the geniculo-recipient layers which

receive inputs from the LGNd neurons relaying signals from either

the contralateral or the ipsilateral eyes [7–11]. This ‘eye-origin-

specific’ spatial segregation of the geniculo-cortical terminals

constitutes a putative basis for the so-called ‘eye dominance

columns’ [7]. However, despite the ‘eye-origin-specific’ segrega-

tion of geniculo-cortical terminals which provide principal

excitatory drive to the primary visual cortex, most neurons in

the primary visual cortices are binocular, that is, they generate

spikes when appropriate visual stimuli are presented in the

topographically approximately corresponding parts of each retina.

Nearly two centuries ago, Wheatstone (1838) postulated that in

humans, stereoscopic single binocular vision is derived from tiny

differences in left and right images resulting from binocular

parallax [12]. More recently, it has been argued that the

mammalian stereoscopic single vision is largely based on the

interocular differences in the position (disparities) of the discharge

fields - position disparity model [13–16] and/or interocular

differences in the spatial arrangement of receptive field subregions

- phase-shift model [17–21] of binocular neurons in the primary

visual cortices. Furthermore, it has been argued that both

stereoscopic single vision and binocular depth discrimination are

derivatives of binocular interactions (facilitatory and/or suppres-

sive) at the single neuron level in the primary visual cortices

[13,14,22–26].

Parastriate cortex (cytoarchitectonic area 18) of carnivores such

as domestic cat, constitutes a distinct part of primary visual cortex,

which like the striate cortex receives its principal direct dorsal

thalamic input from the LGNd [27–29]. As in the case of area 17,

the eye-specfic LGNd inputs to area 18 are spatially segregated

and there are clear eye dominance columns in this area [9,10,30–

34]. Despite this, the great majority of area 18 neurons, like the
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great majority of area 17 neurons (see above), are binocular

[27,28,35]. Furthermore, a large proportion of cat’s area 18

neurons, like a large proportion area 17 neurons, are sensitive to

retinal disparities [36–39]. However, the mechanism of binocular

interactions in most retinal disparity sensitive area 18 neurons

might be quite different from that operating in most retinal

disparity sensitive area 17 neurons. For example, so-called tuned-

excitatory cells characterized by narrowly tuned binocular

facilitation dominate area 17, while so-called near and far cells

which are characterized by reduction or a complete suppression of

spike-responses over a wide range of retinal disparities are

common among area 18 neurons [38,39]. It has been suggested

that substantial degree of the interocular similarity of receptive

field properties of binocular area 17 neurons [16,40] underpin

psychophysical fusion of the images formed in the topographically

corresponding parts of the two retinae. However, very little is

known about the extent of similarity (or otherwise) of receptive

field properties of binocular area 18 neurons [41].

Thus, in the present study, using patches of sine-wave,

luminance-contrast-modulated drifting gratings presented sepa-

rately via each eye we assessed quantitatively the degree of

interocular matching of a number of receptive field properties of

binocular cells recorded from cat’s area 18. We discuss the

implications as well as putative mechanisms underlying good or

poor interocular matching of particular receptive field properties

in primary visual cortices in general. Furthermore, we propose

that observed by us significant differences in the strength of silent

suppression in receptive fields of the dominant and the non-

dominant eyes of area 18, combined with segregation of geniculate

inputs into distinct eye dominance columns might be of substantial

use in stereoscopic vision.

Materials and Methods

2.1 Animals, anaesthesia and surgical procedures
Experiments were carried out in accordance with the guidelines

of the National Health and Medical Research Council’s Code of

Practice for the Care and Use of Animals for Scientific Purposes in

Research in Australia and approved by the Animal Care Ethics

Committee of the University of Sydney. Five females and one male

adult domestic cats (Felis catus) weighing 2.5–5.0 kg, were supplied

by Laboratory Animal Services of the University of Sydney. The

animals were initially anesthetized with a gaseous mixture of 2–4%

isoflurane in 65% N2O – 35% O2, and underwent a tracheal

intubation and insertion of cannula into the cephalic vein.

Throughout subsequent surgical procedures, isoflurane level in

gaseous mixture was maintained at 0.75–1.5%. The animals were

initially paralyzed with 2 ml bolus of gallamine triethiodide

(40 mg/ml) followed by a continuous intravenous infusion of

gallamine (10 mg/kg/h) throughout the rest of experiment.

Potential residual eye movements were prevented by bilateral

cervical sympathectomy [42]. Throughout the experiment the

animals were artificially respired, with the end tidal CO2 level

maintained at 3.7–4.0% range by adjusting the rate (range 18–24

strokes/min) and/or the stroke volume of the pulmonary pump. A

‘‘deep sleep’’ state, characterized by the presence of delta waves

(,0.5–4 Hz) in the electroencephalogram (EEG) was maintained

throughout experiment. Body temperature was maintained at

37uC, monitored by a subscapular probe with an Animal

Temperature Controller 1000 (World precision Instruments, FL,

USA). A broad-spectrum antibiotic, 15 mg/kg amoxicillin trihy-

drate (150 mg/mL) and 0.05 mg/kg atropine sulfate (0.6 mg/mL)

to reduce mucosal excretion, were administered intramuscularly

daily. Topical daily application of a 1% atropine and 0.1%

phenylephrine aqueous solution dilated the pupils, blocked

accommodation and retracted the nictitating membranes. The

animal’s eyes were covered with zero-power, air permeable

contact lenses. Artificial pupils (3 mm in diameter) and appropri-

ate corrective lenses to focus the eyes on a tangent screen 57 cm

away were positioned in front of the animal. The position of the

optic discs were regularly (at least twice every 24 hours) back-

projected using a fibre-optic light source [43] and the presumed

position of the areae centrales (AC) were plotted directly and/or by

reference to the position of the centers of optic discs [44,45].

2.2 Recording single neuron activity from area 18
A craniotomy was performed and dura mater reflected over part

of the left occipital lobe (Horsley-Clarke coordinates: 0–8 mm

posterior and 2–9 mm lateral). A plastic chamber fitted to the

craniotomy was glued to the skull, a stainless steel microelectrode

(11 MV; FHC, ME, USA) was placed in the craniotomy, and the

chamber was then filled with 4% agar and sealed with warm liquid

wax. To assist with reconstruction of the electrode tracts, the

microelectrode was coated with fluorescent dye - 1.19-dioctatade-

cyl-3,3,3939-tetramethylindocarbocyanine perchlorate (DiI) [46]

and then slowly advanced into area 18 using an electronic 8200

Inchworm motor controller (EXFO Photonic Solutions, ON,

Canada). Action potentials (spikes) of single neurons were recorded

extracellularly, amplified, band-pass filtered and monitored both

visually (on an oscilloscope) and acoustically (via an audio

monitor). The spikes identified by their unique shape and

amplitude triggered standard pulses, which were fed into the

computer for data collection. When recording the activity of a

given cell the spikes were monitored continuously and testing was

discontinued if triggering standard pulses was contaminated by the

activity of other cells.

2.3 Assessment of sRF properties
A region in the visual space from which one can trigger spike-

responses (action potentials) to appropriate visual stimuli at a rate

exceeding that of background (‘spontaneous’) activity is defined

here as the excitatory or minimum discharge receptive field.

Summation receptive fields (sRF) are defined here as the regions

stimulation of which with optimized (optimal orientation, direc-

tion, spatial and temporal frequencies) high-contrast ($80%)

grating patches result in the maximal spike discharge rate [29]. In

most cells, the stimulation of region surrounding the sRF (without

encroaching on sRF) did not produce action potentials (spikes) but

was found to modulate the magnitude of spike-response of the cell

when stimulated in conjunction with its sRF. This region is defined

as the silent extra-classical receptive field (ECRF). The sRF

diameters of neurons in cat’s area 18 are usually , three-fold

greater than those of their minimum discharge fields and thus

include not only the discharge fields but also part of the silent

receptive field [29]. For each binocular neuron, the properties of

both the sRF and the ECRF were assessed monocularly by

presenting the stimuli through one eye while the other eye was

covered with an occluder not transparent to light.

Achromatic sine-wave contrast modulated drifting gratings of

variable size, orientation, and spatial and temporal frequency were

generated by the visual stimulation system EXPO (P. Lennie,

University of Rochester, NY, USA) and presented on a calibrated

CRT monitor (Barco, West-Vlaanderen, Belgium) placed 57 cm

in front of the animal. The mean luminance of the screen was held

at ,50 cd/m2, with the grating presented centred in a circular

patch. Optimal orientation, spatial and temporal frequencies were

determined at 100% Michelson contrast defined as

(Lmax{Lmin)=(LmaxzLmin) where Lmax and Lmin are, respec-
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tively, maximum and minimum luminance in the grating patch.

Each stimulus was presented for 3 seconds, followed by a 1 second

interstimulus interval of blank screen of mean luminance and no

grating. A 3 sec recording at mean luminance was used to assess

the level of background (‘spontaneous’) spike activity. Optimal

orientation, optimal spatial frequency, optimal temporal frequen-

cy, contrast and optimal stimulus size as well as the tuning

characteristics of these properties were determined in the

assessment of the sRF stimulus that would produce the maximal

response. Each series of visual stimuli was repeated 10 times and

presented in a pseudo-randomized fashion.

2.4 Localization of recording sites
We are confident that all cells included in the present sample

were located in area 18. Our confidence is based on the location of

the discharge field within 5–10u from representation of the vertical

meridian and typical area 18 receptive field properties [29,47].

Furthermore, on occasions when we have made more medial

penetrations closer to presumed area 17, the receptive fields of

neurons encountered in these penetrations moved close to the

representation of the vertical meridian the discharge fields became

smaller and preferred higher spatial frequencies [28,29,48].

Finally, the areal location (area 18 vs. area 17) of recorded

neurons was asessed histologically. To this purpose small

electrolytic lesions (20 mA for 10 sec, electrode positive) were

made at the end of the penetration and at two additional positions

during retraction of the electrode. Each experiment was termi-

nated via intravenous infusion of sodium pentobarbitone (120 mg/

kg, Lethabarb). The animals were perfused transcardially with

warm 40uC saline followed by 4% paraformaldehyde in phosphate

buffer (0.1 M at pH 7.4). The appropriate region of the cortex has

been frozen-sectioned and 50 mm coronal sections were stained

with cresyl violet.

2.5 Data analysis and statistics
Peristimulus time histograms (PSTH) of spike-responses were

constructed for each stimulus presentation and subjected to

discrete Fourier analysis. Cells in which the phase-variant

component of the response (F1) was greater than the mean firing

rate F0, that is, F1/F0 spike-response ratio was .1, were classified

as simple cells, those with an F1/F0 spike-response ratio ,1 were

classified as complex cells.

Direction selectivity indices (DSI) of a given cell were

calculated according to the following formula:

DSI~ Rp{Rap

� �
=Rp

� �
|100

Where Rpand Rap are the peak discharge rates for optimized sRF-

confined stimulus moving in the preferred and anti-preferred (or

null) directions respectively.

Spatial frequency tuning. Spatial frequency tuning profiles

for sRF-confined stimuli were modelled using Gaussians model:

Rc~C(Kcprc
2e{(prcf )2 )

Where Rc is the response amplitude, f is the spatial frequency of

stimulus and C is the Michelson contrast of the stimulus. The free

parameters Kcand rcare centre peak sensitivity and centre

Gaussian radius respectively.

Orientation tuning width. Orientation tuning was fit to a

Gaussian according to the following equation:

r(h)~Ae{(h{hopt)2=2sh
2
zAoff

Where are r(h) is the response amplitude at orientation h. A and

Aoff are the peak amplitude and amplitude offset respectively. hopt

indicates the optimal orientation and sh is the standard deviation

of the Gaussian. The width of receptive field properties tuning,

expressed as half-width at half-height (HWHH), is defined as the

half the width of the Gaussian at half the peak height above the

amplitude offset [49].

Assessment of eye dominance. The extent of response

dominance by stimuli presented via one eye is expressed as the eye

dominance index:

EDI~Rdom=(RdomzRnon{dom)|100

Where Rdom and Rnon{dom, refer to the magnitude of response (in

spikes/s) to the high ($80%) - saturation level contrast, optimized

stimuli presented via the dominant and non-dominant eye

respectively [40].

Suppression index (SI). The strength of suppression was

assessed quantitatively and expressed as a suppression index, SI

defined as:

SI~½(Rmax{Rmin)=Rmax�|100

As the diameter of the optimized drifting grating patch was

gradually increased from the initial size of 1u, the magnitude of

response also gradually increased until it reached a maximum

(Rmax). Consistent with our recent study of area 18 [29], in a

proportion of cells further increases of the grating size resulted in

substantial reduction of magnitude of response or even complete

abolishment (suppression) of the response. In some cells however,

further increases of the grating size resulted in no change in the

magnitude of response (response saturation). The magnitude of

response when the suppression was greatest was defined here as

Rmin.

Statistical significance of the differences between the sets of data

were assessed using nonparametric tests: Mann-Whitney U-test

(referred to as a Mann-Whitney test and used to assess significance

of differences of two independents sets of data), Wilcoxon

matched-pairs signed-ranks test (referred to as Wilcoxon test and

used to assess significance of differences of paired-data) and

Spearman rank correlation coefficient test [50]. Values in the text

indicate means 6 the standard errors of the means (SEM). The

statistical significance between the two sets of data unless otherwise

indicated was accepted if the associated probability (P) value was

0.05 or less at the two-tailed criterion.

Results

The present paper is based on quantitative analysis of spike-

responses of 37 single binocular area 18 neurons, evoked by visual

stimuli presented separately via each eye. The centers of their

discharge fields were located within 20u from areae centrales (most -

24/37; 65% within 10u from areae centrales). The great majority

(20/24; 85%) of neurons whose laminar location we were able to

determine, were recorded either from the principal geniculo-

recipient layer 4 or the geniculo-recipient, lower part of layer 3 -

layer 3b [51,52].

Interocular Matching of Cortical Receptive Fields
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3.1 Identification of neurons as simple or complex
All single neurons recorded from were identified as either simple

(20/37; 54%) or complex (17/37; 46%) on the basis of their phase

sensitivities expressed as F1/F0 spike-response ratios (simple - F1/

F0 ratios .1; complex - F1/F0 ratios ,1) to high-contrast,

optimized, sRF-confined grating patches presented via the

dominant eye (Figs 1Ai and 1Aii). Note that, in Fig. 1B there

are two clear peaks in the frequency histogram of F1/F0 spike-

response ratios of the present sample [29]. The larger peak is due

to prevalence of simple cells with F1/F0 spike-response ratios in

the range of 1.6–2.0 while smaller peak is due to prevalence of

complex cells with F1/F0 spike-response ratios in the range 0.2–

0.6. Consistent with this, the mean F1/F0 spike-response ratio of

simple cells for optimized grating patches presented via the

dominant eye was 1.674 (SEM 60.053; range: 1.095–1.995;

n = 20) while that of complex cells was 0.406 (SEM60.05; range:

0.139–0.777; n = 17).

The great majority of cells (15/20; 75%) identified as simple on

the basis of their F1/F0 spike-response ratios .1 were also

identified as simple on the basis of one of the original criteria put

forward by Hubel and Wiesel (1962) [53]. In particular, when

optimally oriented, stationary, flashing light bars and/or optimally

oriented moving light and/or dark bars were presented via the

dominant eye, the receptive fields of these cells contained spatially

distinct (non-overlapping) and mutually antagonistic ON and OFF

discharge sub-regions [29,54]. Similarly, in a majority (11/17;

64.5%) of cells identified as complex on the basis of their F1/F0

spike-response ratios ,1, receptive fields contained spatially

overlapping ON and OFF discharge regions [29,53,54]. However,

one cell with a complex-like F1/F0 spike-response ratio of 0.54,

had spatially non-overlapping ON and OFF discharge regions in

its receptive field and thus according to the Hubel and Wiesel’s

criteria would have been identified as simple (Fig.1B). Further-

more, we were unable to identify a substantial proportion (10/37;

27%) of cells as either simple or complex using the above-

mentioned Hubel and Wiesel’s criteria. Thus, although these cells

generated spike-responses when optimally oriented bars either

darker (8/37; 21.5%) or brighter (2/37; 5.5%) than the

background moved through their discharge fields [29], they

generated very few, if any, action potentials when stationary,

flashing, optimally oriented, high-contrast, light bars were used.

3.2 Peak firing rates to optimized stimuli
The slope of the linear regression line of peak firing rates to

optimized stimuli presented via the dominant eyes vs. those to the

stimuli presented via the non-dominant eyes was low (Fig.1Ci).

The mean peak firing rates of simple cells to optimized sRF-

confined, high-contrast stimuli presented via the dominant

(54.868.4 spikes/s; range: 16.35–169.0 spikes/s) or non-dominant

(33.065.7 spikes/s; range: 5.0–105.0 spikes/s) eyes, were slightly

higher than those (dominant eyes - 48.6566.5 spikes/s; range:

18.0–131.0 spikes/s; non-dominant eyes - 30.7562.65 spikes/s;

range: 12.0–50.0 spikes/s) of complex cells (Fig. 1Cii). Due to the

exclusion of cells with peak firing rates to optimized stimuli

presented via the dominant eyes of ,15 spikes/s, the mean peak

firing rates to stimuli presented via the dominant eyes were

substantially higher than those of area 18 neurons collected in our

previous sample [29].

3.3 Interocular correlation of phase-sensitivities
In the great majority (35/37; 86.5%) of cells, the phase-

sensitivity to high-contrast, sRF-confined, optimized grating

patches presented via the dominant eye hardly differed from the

phase-sensitivity to such stimuli presented via the non-dominant

eye (interocular differences in F1/F0 spike-response ratios #0.3;

Figs 1Ai, 1Aii, 1Di and 1Dii). Indeed, only one cell (Fig. 1Aiii)

exhibited simple-like phase sensitivity (F1/F0 spike-response ratio -

1.22) to optimized grating patch presented via one (the dominant)

eye and complex-like phase sensitivity (F1/F0 spike-response ratio

0.58) to optimized grating patch presented via the other (non-

dominant) eye. Not surprisingly, there was a very strong, positive

correlation between the F1/F0 spike-response ratios to optimized

grating patches presented separately via each eye (Fig. 1D,

Table 1.1.- Spearman coefficient r = 0.8971; P,0.0001; n = 37).

3.4 Interocular correlation of orientation/axis of
movement preferences

The majorities of both simple (17/20; 85%; Figs 2Ai and 2B)

and complex (13/17; 76.5%; Fig. 2B) cells exhibited excellent

interocular optimal orientation/axis of movement ‘matching’-

with interocular differences in preferred orientations not exceeding

10u (Fig. 2B). Indeed, only in a small proportion (simple - 3/20;

15%; complex - 4/17; 23.5%) of cells, the interocular differences

in the optimal orientation/axis of movement were $20u (Figs 2Aii

and 2B). Thus, overall interocular correlation of optimal

orientations/axis of movement was very strong (Fig. 2B,

Table 1.2. - Spearman coefficient r = 0.8858; P,0.0001; n = 37).

3.5 Direction selectivity indices
Consistent with previous studies [29], when the optimally

oriented optimized grating patches were presented via the

dominant eyes, the substantial majority (25/37, 68%) of cells

exhibited strong direction selectivity (DSI $60%) with very few

(4/37, 11%; 3 simple, 1 complex) exhibiting very weak (DSI #

25%) direction selectivity (Fig. 2C). The slope of the linear

regression line of DSI for stimuli presented via dominant eyes vs.

DSI for stimuli presented via the non-dominant eyes was relatively

low (Fig. 2D). When optimized grating patches were presented via

the dominant eyes, the mean DSI of simple (66.35615%; range:

3.4–97.7%; n = 20) and complex (70.066.1%; range: 15.0–99.5%;

n = 17) cells were very similar to those (simple: 67.566.55%;

range: 2.1–98.0%; complex: 73.566.05%; range: 15.8–99.0%) for

stimuli presented via the non-dominant eyes (Fig. 2E). Although, a

substantial proportion of cells exhibited high DSI when optimized

stimuli were presented via one eye and low DSI when such stimuli

were presented via the other eye (Fig. 2D), the interocular

correlation of DSI was strong (Table 1.3. -Spearman coefficient:

r = 0.7005; P,0.0001; n = 37). However, consistent with previous

reports [36,37], in some cells in which the preferred orientations

were horizontal, the preferred direction for stimuli presented via

the dominant eye was opposite (180o) or almost opposite to that for

stimuli presented via the non-dominant eye (Figs 2Bi and 2Bii).

3.6 Optimal spatial frequencies
Consistent with previous reports [29], irrespective of the eye

through which the stimuli were presented, the great majority of

area 18 cells (30/37; 81%), were spatial frequency-tuned (Figs 3Ai

and 3Aii). A proportion of cells however, exhibited low-pass spatial

frequency tuning [29] either irrespective of the eye through which

the stimuli were presented (Fig. 3Aiii - 2 simple, 1 complex;) or

only when the stimuli were presented via a particular (dominant or

non-dominant) eye (Fig. 3Aiv-3 complex, 1 simple). Nevertheless,

in the majority of low-pass tuned neurons (Fig. 3Aiii) it was

possible to determine the optimal spatial frequency for stimuli

presented via either eye (cf. however Fig. 3iv).

In the clear majority (23/34; 65.5%; Figs 3Ai, 3Bi, 3Bii) of cells,

the interocular differences in preferred spatial frequencies were

Interocular Matching of Cortical Receptive Fields
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very small (Figs 3Bi, 3Bii). The slope of the linear regression line of

optimal spatial frequencies for dominant eyes vs. optimal spatial

frequencies for the non-dominant eyes was close to 1 (Fig. 3Bi) and

the interocular correlation of optimal spatial frequencies was

strong (Table 1.4.-Spearman coefficient r = 0.7854; P,0.0001;

n = 37).

In case of simple cells the mean optimal spatial frequency for

optimized sRF-confined stimuli presented via the dominant

Figure 1. Differentiating between simple and complex cells. A Examples of peristimulus time histograms (PSTH) of responses to optimized
(orientation, direction of movement, spatial and temporal frequencies, size) achromatic grating patches presented via dominant or non-dominant
eyes. Histograms in Ai and Aii illustrate excellent interocular ‘matching’ of F1/F0 spike-response ratios to high-contrast grating patches optimized for
each eye. Histograms in Aiii illustrates poor interocular matching of F1/F0 spike-response ratios. B Frequency histogram of F1/F0 spike-response
ratios for the current sample of binocular parastriate cells to optimized grating patches presented via the dominant eyes. Note that the majority of
cells that were identified as simple or complex on the basis of their F1/F0 spike-response ratios were also identified as simple or complex on the basis
of Hubel and Wiesel’s (1962) criteria. Ci Scatter plot of the magnitudes of peak discharge rates for the current sample of cells to optimized grating
patches presented via the dominant vs. those to the optimized grating patches presented via the non-dominant eyes. Cii Histogram of the mean
peak discharge rates of simple and complex cells to optimized drifting gratings presented via the dominant and the non-dominant eyes. Error bars
indicate SEM. Di Scatter plot of F1/F0 spike-response ratios for optimized stimuli presented via the dominant eyes vs. those for optimized stimuli
presented via the non-dominant eyes. Dii The frequency histogram illustrates the range of interocular differences in phase-sensitivity (F1/F0 spike-
response ratios) elicited individually by optimized grating patches presented via the dominant and non-dominant eyes.
doi:10.1371/journal.pone.0099600.g001
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(0.17460.022 cy/deg; range: 0.015–0.423 cy/deg; n = 20) eyes

was virtually identical to that (0.17560.020 cy/deg, range: 0.010–

0.370 cy/deg) for the stimuli presented via the non-dominant eyes

(Fig. 3C). Consistent with our previous study [29], the optimal

spatial frequencies of complex cells tend to be higher than those of

simple cells (Fig. 3C). Furthermore, the mean optimal spatial

frequency for optimized stimuli presented via the dominant eyes at

0.210 cy/deg (60.031 cy/deg; range: 0.084–0.492 cy/deg;

n = 17) was marginally significantly (P,0.05, Wilcoxon test, one-

tailed criterion) lower than that (0.24060.043 cy/deg; range:

0.020–0.68 cy/deg) for optimized stimuli presented via the non-

dominant eyes.

Consistent with numerous previous studies, when the stimuli

were presented via the dominant eyes, the optimal spatial

frequencies of simple (mean 0.20760.044 cy/deg; range: 0.081–

0.423 cy/deg) or complex (mean: 0.32260.067 cy/deg; range:

0.206–0.492 cy/deg) cells with centre of the discharge fields

located centrally (within 5u from the areae centrales) tended to be

higher than those (simple - mean: 0.13360.039 cy/deg, range:

0.081–0.237 cy/deg; complex - mean: 0.17960.044 cy/deg;

range: 0.084–0.471 cy/deg) of neurons with more peripherally

(10–20u from the areae centrales) located discharge fields (Fig. 3D).

Similarly, when the stimuli were presented via the non-dominant

eyes - the mean optimal spatial frequency of complex

(0.39960.099 cy/deg; range: 0.250–0.680 cy/deg) and simple

(0.18460.034 cy/deg; range: 0.200–0.370 cy/deg) cells with

discharge fields located centrally were substantially higher than

those of complex (0.19260.059 cy/deg; range: 0.020–0.610 cy/

deg) or simple (0.13860.046 cy/deg; range: 0.022–0.247 cy/deg)

neurons with discharge fields located more peripherally. Thus, the

significant differences in the mean optimal spatial frequencies

between the simple and complex cells are not due to overrepre-

sentation in our sample of complex cells with centrally located

discharge fields.

3.7 Spatial frequency bandwidth
Apart from the minority (7/37–19%) of neurons that exhibited

low-pass spatial frequency tuning when the stimuli were presented

via one or both eyes, it was possible to assess the spatial frequency-

tuning bandwidth (SF-bandwidth) for stimuli presented via either

eye (Figs 3Ai and 3Aii).

The slope of the linear regression line of SF- bandwidths for

stimuli presented via dominant vs. SF- bandwidths for stimuli

presented via the non-dominant eyes was rather low (Fig. 4Ai).

Furthermore, in most cells, there were substantial interocular

differences in the SF-bandwidth (Fig.4Aii) and overall the

interocular correlation of SF-bandwidth was relatively weak but

significant (Table 1.5. - Spearman coefficient r = 0.4050, P,

0.0132; n = 30).

The mean SF-bandwidth for optimized, sRF-confined, stimuli

presented via the dominant eyes of simple cells at 1.76 octaves

(60.10; range: 1.15–2.64 octaves; n = 17) was significantly (P,

0.05, Mann-Whitney test) narrower than that (2.2760.12 octaves,

range: 1.41–3.32 octaves; n = 13) for complex cells (Fig. 4B). In the

case of the non-dominant eyes, the SF-bandwidths for both simple

(mean - 1.6260.14 octaves) and complex (mean - 1.9260.10

octaves) cells were narrower than those for their dominant eye

counterparts. However, only in complex cells, the difference

between the dominant and non-dominant eyes was significant

(Fig. 4B - P,0.0005, Wilcoxon test).

3.8 Optimal temporal frequencies and temporal
frequencies high cut-offs

In most (but not all- Fig 4Ci) cells there were clear interocular

differences in optimal temporal frequencies (Figs 4Cii and 4D) and

in small proportions of those cells (simple: 4/20; 20%; complex: 2/

17; 12%) the interocular differences exceeded 5 Hz (Fig. 4D). The

slope of linear regression line of optimal temporal frequencies for

the dominant eyes vs. optimal temporal frequencies for the non-

dominant eyes was rather shallow (Fig. 4D). The interocular

correlation of optimal temporal frequencies was relatively weak

but significant (Table 1.6.- Spearman coefficient r = 0.4307;

P = 0.0039; n = 37).

When optimized stimuli were presented via the dominant eyes,

the mean optimal temporal frequency of 3.78 Hz (60.51; range;

0.5–15 Hz) was slightly but not significantly (P.0.1; Mann-

Whitney test, one-tailed criterion) greater than that

(3.4460.44 Hz; range: 0.5–10.71 Hz) for stimuli presented via

the non-dominant eye (Fig. 4Ei).

When the stimuli were presented via the dominant eyes, the

mean temporal frequency high cut-off (Fig. 4Eii) of 10.69 Hz

(60.61; range: 3–15 Hz) was marginally higher than the mean

temporal frequency high cut-off for stimuli presented via the non-

dominant eye (10.1160.65 Hz; range: 1–15 Hz).

3.9 Sizes of summation receptive fields (sRF)
In some cells the sizes of summation receptive fields (sRF)

revealed by stimuli presented via the dominant and those revealed

by stimuli presented via the non-dominant eyes were identical

(Figs 5Ai and 5B). In many others however, the sRF revealed by

Table 1. Interocular comparison of receptive field properties of binocular Area 18 neurons (present study; dominant vs. non-
dominant eyes).

Properties
Interocular correlation (Spearman correlation
coefficient) Significance of correlation Number of cells

1. Phase sensitivity (F1/F0 ratio) r = 0.8971 P,0.0001 37

2. Optimal orientation r = 0.8858 P,0.0001 37

3. Direction selectivity index r = 0.7005 P,0.0001 37

4. Optimal spatial frequency r = 0.7854 P,0.0001 37

5. Spatial frequency bandwidth r = 0.4050 P,0.0132 30

6. Optimal temporal frequency r = 0.4307 P = 0.0039 37

7. Summation area r = 0.2870 P,0.0850 37

8. Suppression index r = 0.4585 P,0.0022 37

doi:10.1371/journal.pone.0099600.t001
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stimuli presented via the dominant and non-dominant eye were

very different (Figs 5Aii and 5B).

The slope of the linear regression line of diameters of sRF when

the stimuli were presented via dominant eyes vs. diameters of sRF

when the stimuli were presented via non-dominant eyes was

shallow (Fig. 5B) and the interocular correlation of sRF diameters

was weak and not significant (Table 1.7. - Spearman coefficient

r = 0.2870; P,0.0850; n = 37).

The mean diameter of sRF of simple cells when high-contrast

optimized stimuli were presented via the dominant eyes at 10.1u
(61.65u; range: 2.0u–28.0u; n = 20) was virtually identical to that

(9.9u61.3u; range: 2.0u–28.0u) when such stimuli were presented

via the non-dominant eyes (Fig.5C). On the other hand, consistent

with our previous report [29], the mean diameter of sRF of

complex cells revealed by high-contrast, optimized stimuli

presented via the dominant eye at 14.3u (61.85u; range: 5.9u–

Figure 2. Orientation and direction selectivity. A Examples of orientation tuning curves for optimized grating patches presented via dominant
and non-dominant eyes. The simple cell in Ai has identical preferred orientation for stimuli presented via the dominant and the non-dominant eyes,
however the orientation-tuning curve for the dominant eye is broader (greater Half-Width at Half-Height – HWHH) than that for the non-dominant
eye. By contrast, in the case of the complex cell in Aii while the preferred orientations for stimuli presented via the dominant and non-dominant eyes
differ by 20u, the HWHH of the orientation tuning curves are virtually identical. Note that in cells indicated by numbers 1, 2 and 3, the preferred
orientation/axis in each eye differ by ,180u. Bi Scatter plot illustrating the interocular matching of optimal orientations; linear regression of the
whole sample indicates excellent orientation matching. Inset indicates our convention for defining the orientation of the stimuli; Horizontal - 90u
Vertical – 0u. Bii Frequency histogram showing interocular differences in optimal orientation for simple and complex cells. C Peristimulus time
histograms illustrate the responses of a ‘typical’ complex cell to optimized grating patches moving in the preferred and anti-preferred direction for
stimuli presented via the dominant and non-dominant eyes. D Scatter plot illustrating interocular matching of direction selectivity indices (DSI). E
Histogram of the mean DSI of simple and complex cells to optimized drifting grating patches presented via the dominant and non-dominant eyes.
Error bars indicate SEM.
doi:10.1371/journal.pone.0099600.g002
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28.0u; n = 17) was significantly (P,0.05; Mann-Whitney test)

larger than that of simple cells (Fig. 5C).

As indicated in Figure 5D and consistent with numerous

previous studies, irrespective of the eye (dominant or non-

dominant) through which the stimuli were presented, the sRF of

cells with centre of the discharge fields located centrally (within 5u
from area centralis) tended to be smaller (dominant eyes: mean

10.2u62.5u; range: 2–28u; n = 12; non-dominant eyes:

10.9u62.2u; range: 2–28u) than those (dominant eyes: mean

13.1u61.65u; range: 6.2–28u; n = 13; non-dominant eyes:

12.4u61.75u; range: 6.2–28u) of cells with the discharge fields

located more peripherally (.10u from area centralis). Furthermore,

in both cases (dominant and non-dominant eyes) the differences

are significant (P,0.05; Mann-Whitney test).

3.10 Suppression indices
In most area 18 cells, irrespective of the eye through which the

stimuli were presented, extending the diameter of optimized

grating patches beyond the summation receptive field resulted in a

substantial reduction (or even a complete abolition - suppression

index 100%) in the magnitude of spike-responses (Fig 5Ai).

In some cells however, the reduction in the magnitude of spike-

responses with increasing the size of the grating patches was

apparent only when the stimuli were presented via one, but not the

Figure 3. Spatial frequency tuning. A Examples of spatial frequency tuning plots of area 18 cells for stimuli presented via the dominant and non-
dominant eyes. The bandwidth represents the spatial frequency range which elicits .50% of maximal firing rate. Scatter plot in Bi illustrates the
interocular matching of optimal spatial frequencies. Black line indicates linear regression line. Bii Frequency histogram of interocular differences in
optimal spatial frequencies. C Histogram illustrating the mean optimal spatial frequencies of simple and complex cells to optimized drifting gratings
presented via the dominant and non-dominant eyes. # Indicates a marginal significant (P,0.05, Mann-Whitney test, one-tailed criterion) difference.
D Histogram showing the mean optimal spatial frequencies for stimuli presented via the dominant or non-dominant eyes for groups of simple (S)
and complex (C) based on eccentricity of location of their discharge fields.
doi:10.1371/journal.pone.0099600.g003
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other eye (e.g. Fig. 5Aii). Furthermore, in a proportion of cells

extending the stimulus presented through either eye did not result

in a significant reduction in the magnitude of spike response (SI -

0%; Fig. 5Ei).

The slope of linear regression line of SI of dominant vs. non-

dominant eyes was not steep (Fig. 5Ei) and the interocular

correlation of SI was not strong but significant (Table 1.8. -

Spearman coefficient r = 0.4585; P,0.0022; n = 37).

The mean SI for simple cells when the stimuli were presented

via the non-dominant eyes (59.567.25%; range: 0.0–100%;

n = 20) was higher (but not significantly - P.0.1; Mann-Whitney

test, one-tailed criterion) than that (48.5567.55%; range: 0.0–

100%) when the stimuli were presented via the dominant eyes

(Fig. 5Eii). However, in the case of complex cells, the mean SI

(45.867.5%; range: 0.0–99.2%; n = 17) when the stimuli were

presented via the non-dominant eyes was significantly (P,0.002;

Mann-Whitney test) higher than that (32.066.15%; range: 0.0–

81.35%) when the stimuli were presented via the dominant eyes

(Fig. 5Eii).

Figure 4. Spatial frequency cut-offs and temporal frequency tuning. Ai Scatter plot illustrating the interocular matching of spatial frequency
bandwidths; black line indicates linear regression line. Aii Frequency histogram of the interocular matching of SF bandwidths for simple and complex
cells. B Histogram of the mean spatial frequency bandwidths of simple and complex cells for stimuli presented via dominant and non-dominant eyes.
** Indicates significant (P,0.01 Mann-Whitney test) difference; *** indicates significant (P,0.0005, Wilcoxon test) difference. C Examples of temporal
frequency tuning curves for optimized (orientation, spatial frequency, size) gratings presented via dominant and non-dominant eyes. Note that in
case of cell whose responses are illustrated in Ci there is an excellent interocular match of both optimal and high cut-off temporal frequencies.
However, in case of cell whose responses are illustrated in Cii there are clear interocular differences in both optimal and high cut-off temporal
frequencies. D Scatter plot showing the interocular matching of optimal temporal frequencies for the present sample of area 18 cells. E Histograms in
i and ii illustrate respectively the optimal and high cut-off temporal frequencies for stimuli presented via the dominant and non-dominant eyes. Error
bars indicate SEM.
doi:10.1371/journal.pone.0099600.g004
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3.11 Contrast sensitivities
In over two-thirds of the sample (24/35; 68.5%), the response

saturated when high contrast stimuli ($80%) were presented via

either eye (Figs 6Ai & 6Aii). In the remainder (11/35; 31.5%)

however, the response did not saturate even at 100% contrast. In

all but one cell, the lack of contrast saturation was apparent only

when the stimuli were presented via one eye (the non-dominant

eye, 4 cells; Fig. 6Aii; the dominant eye, 6 cells; Fig. 6Aiii).

For most cells, the mean C50 contrast, that is, the contrast at

which the magnitude of response to optimized stimuli confined to

the sRF reached 50% of maximum response, was quite similar

irrespective of the eye through which the stimuli were presented.

Figure 5. Receptive field sizes and suppression indices. A Examples of summative excitatory receptive field (sRF) tuning curves whereby the
optimal sRF is the size of the grating patch which elicits maximal spike-response for optimized (orientation, spatial and temporal frequencies) stimuli
presented via the dominant and non-dominant eyes respectively. Ai illustrates a cell that exhibits good interocular matching of both the sizes of sRF
and the strength of surround suppression – high suppression index (SI). Conversely Aii exhibits poor interocular matching for both size of sRF and SI.
Scatter plot in B illustrates the interocular matching of sRF, black line indicate linear regression line. C Histogram illustrating the mean sizes of sRF of
simple and complex cells for optimized stimuli presented via the dominant and non-dominant eyes; * indicates significant (P,0.05 Mann-Whitney
test) difference. D Histogram detailing the mean sRF sizes for the dominant and non-dominant eyes with the sample divided on the basis of
eccentricity of the location of the discharge fields; * indicate significant (P,0.05, Mann-Whitney test) differences. Scatter plot in Ei illustrates the
interocular matching of suppression indices (SI) of area 18 cells. Histogram in Eii illustrates the mean SI of simple and complex cells for stimuli
presented via the dominant and non-dominant eyes respectively.
doi:10.1371/journal.pone.0099600.g005
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Indeed, the mean C50 contrast (49.9%; SEM62.9%; range: 20.2–

89.5%; n = 37) for optimized stimuli presented via the dominant

eyes was almost identical to that (49.25%; SEM63.3%; range:

11.05–85.15%; n = 35) for optimized stimuli presented via the

non-dominant eyes (Fig. 6B).

3.12 Eye dominance and suppression indices
At saturating or 100% contrasts, a large proportion of cells (17/

37; 46%) were only weakly (Eye dominance index - EDI#60%,

see Materials and methods; cf. [40] dominated by either the

contralateral (11/23; 48%; 5 simple, 6 complex) or the ipsilateral

(6/14; 43%; 3 simple, 3 complex) eyes. These cells are defined

here as low eye dominance index (LEDI) cells (Fig. 6C; cf.

combined classes 3, 4 and 5 cells of [53,55]. The cells in which the

EDI exceeded 60% are defined here as cells with high eye

dominance index (HEDI). In a majority (12/20; 60%) of HEDI

cells, the contralateral eye was strongly dominant (Fig. 6C; cf. class

2 cells of [53,55–57]). In the remainder (8/20; 40%) of HEDI cells,

the ipsilateral eye was strongly dominant (Fig. 6C; cf. class 6 cells

of [53,55–57]). It is interesting to note in this context that in a few

cases (6/35), the eye dominance was contrast dependant and the

eye which appeared to be dominant when the high contrast ($

80%) stimuli were used, became non-dominant when the lower

contrast stimuli were used (e.g. Fig. 6Aiii). With one exception, this

contrast dependent reversal of eye dominance was apparent only

in LEDI cells.

The mean SI when stimuli were presented via the dominant

eyes of HEDI cells (37.9567.4%; range: 0.0–100%; n = 20) was

slightly and not significantly (Table 2) lower than that

(44.4567.0%; range: 0.0–100%; n = 17) of LEDI cells (Fig. 6D).

Although the mean peak discharge rate of HEDI cells to optimised

stimuli presented via the dominant eyes (60.168.9 spikes/s: range:

16.35–169 spikes/s) was substantially higher than that (42.464.65

spikes/s: range: 18.0–92.0 spikes/s) of LEDI cells (Fig. 6Ei), the

difference was not significant (Table 2).

On the other hand, the mean SI revealed by stimuli presented

via the non-dominant eyes of HEDI cells was significantly (P,

0.02; Mann-Whitney test) higher (61.967.5%; range: 0.0–100%;

n = 20) than that (43.066.7%; range: 0.0–96.7%; n = 17) of LEDI

cells (Fig. 6D). Consistent with this, the mean peak discharge rate

of HEDI cells to optimised stimuli presented via the non-dominant

eyes (28.5564.9 spikes/s: range: 5.0–105 spikes/s) was substan-

tially lower than that (36.064.1 spikes/s: range: 16.0–82.5 spikes/s)

of LEDI cells (Fig. 6Eii).

Discussion

There are two important caveats to our conclusions: 1) our

sample of area 18 cells was restricted to cells responding strongly

($15 spikes/s) to optimized stimuli presented via the dominant eye

and 2) very few cells in our sample were recorded from the supra

or infragranular layers.

4.1 Interocular matching of phase-sensitivities
In the previous as well as the current studies in which there was

quantative interocular comparison of F1/F0 spike-response ratios

of binocular cells in cat’s primary visual cortices [40,41], the

interocular differences in the F1/F0 spike-response ratios tended

to be small (,0.3). Good interocular match of phase-sensitivities is

consistent with very good interocular matching in simple-like vs.

complex-like identification based on Hubel and Wiesel’s criteria

(spatially separate vs. spatially overlapping ON and OFF discharge

fields) in areas V1 of the cat [13–16,53,58] or mouse [59].

In the present sample, the proportion of binocular area 18 cells,

in which there was interocular mismatch between simple-like and

complex-like F1/F0 spike-response ratios (1/37; 2.5%) was

substantially smaller than those in the earlier reports on cat’s area

18 (13/69–19%; [40,41]) or area 17 (10/125–8.0%; [40,41]).

Unlike in the previous studies, very few binocular neurons

included in our sample had F1/F0 spike-response ratios close to

1, that is, the value that is defined as the border between complex

and simple cells [29,48,60].

It is unlikely that strong interocular matching of phase-

sensitivities is determined by congruent binocular visual experi-

ence. Thus, it has been reported that in visually inexperienced

young kittens, those area 17 cells which were orientation selective

for stimuli presented via each eye, exhibited the same (according to

Hubel and Wiesel’s criteria), either simple-like or complex-like

characteristics, irrespective of the eye through which the stimuli

were presented [61,62]. Similarly, in binocular V1 cells recorded

from small binocular zone of the striate cortex of adult mice, dark-

rearing does not affect a good spatial correspondence of separate

ON and OFF discharge regions plotted through either eye [59].

4.2 Interocular matching of orientation/axis of
movement selectivity

It has been reported that in cats under a virtually identical

anaesthetic and paralysis regime to that employed in the present

study, there is small degree of in-cyclotorsion of the eyes [15].

Despite this, present data indicate an excellent interocular

matching of optimal orientations in binocular area 18 neurons.

It is very unlikely that the large interocular differences in preferred

orientation are due to the large cyclotorsion of the eyes since

recording of cells with large ($20u) interocular differences in

preferred orientation was always preceded and followed by

recordings of cells with no or small (,10u) interocular differences

in preferred orientations. It is worth noting that in area 17 of

normal cats, the interocular mismatches in optimal orientation

very rarely exceed 15u [15,40,63,64].

Blakemore and his colleagues (1972) suggested that since the

interocular orientation differences occur when viewing surfaces

slanted in depth, the interocular differences in the preferred

orientations of binocular neurons might constitute the basis of a

‘second neural mechanism for depth perception’ [15]. However, as

far as the striate cortices of cats [15] and macaque monkeys [64]

are concerned, binocular neurons showing interocular orientation

disparities are selective for interocular position disparities. In view

of the fact that in the present study, the proportion of area 18 cells

with high interocular mismatches (.10u; 7/37; 19.0%) of

preferred orientations is substantially greater than that (7/74;

9.5%) in area 17 [15], one could argue that this postulated second

mechanism of depth perception might ‘kick in’ in area 18

[41,65,66].

Several lines of evidence indicate that there is a negative

relationship between the large interocular mismatches of preferred

orientations and binocular interactions. Thus, unlike in the

normally raised cats, in cats that were raised in darkness and for

2–5 hours a day each eye viewed elongated contours of very

different orientations (horizontal vs. vertical), only a minority of

area 17 cells were selective for orientation. Virtually all cells which

were orientation selective were monocular and cells which

preferred orientations approximately vertical produced spike-

responses only when the stimuli were presented via the eye which

viewed vertical contours while cells which preferred orientation

approximately horizontal produced spike-responses only when the

stimuli were presented via the eye which viewed horizontal

contours [67,68].
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In case of binocular neurons in cat’s area 17, the degree of

interocular matching of optimal orientation is strongly dependent

on congruency of binocular experience of visual contours during

the so-called critical period of development [62,69–75]. Similarly,

while in very young normal mice (postnatal days 20 - 23) 50% of

binocular cells recorded from the small binocular zone of the

primary visual cortex exhibit very large (.27.5u) interocular

mismatches in preferred orientations, in older, visually experi-

enced mice, the interocular mismatches in preferred orientations

are much smaller (median 10.4u) [76]. Furthermore, while in

,80% of binocular V1 cells of visually experienced mice the

optimal orientation for stimuli presented via each eye did not differ

by .30o, in ,50% of binocular V1 cells of dark-raised mice the

optimal orientations for stimuli presented via each eye were

mismatched by .30u [59]. It is worth noting that, binocular cells

in the primary visual cortices of the mice with their relatively good

Figure 6. Contrast sensitivity and comparison of high vs. low eye dominance. A Examples of contrast response functions for optimized
grating patches presented via the dominant and non-dominant eyes. Note that in some cells (Ai) irrespective of the contrast, the response to stimuli
presented via non-dominant eye is much weaker than that to stimuli presented via dominant eye. In other cells however, at low contrasts the
response to stimuli presented via the dominant eye is not much stronger than that to stimuli presented via the non-dominant eye (Aii) or the eye
dominance is reversed (Aiii). The C50 contrasts, that is, the contrasts at which the magnitude of response to optimized stimuli confined to the sRF
reached 50% of maximum response are indicted by the dashed lines. B Histogram showing the mean C50 values of the contrast response functions of
the current sample of cells when stimulated via the dominant or non-dominant eyes. C Frequency histograms of cells with high eye dominance
indices (HEDI) and cells with low eye dominance indices (LEDI). Also shown is the equation by which eye dominance index has been determined. D
Mean SI of HEDI and LEDI cells for stimuli presented via the dominant or non-dominant eyes. Error bars indicate SEM; ** indicate significant (P,0.01,
Wilcoxon test) differences. Ei Scatter plot of the peak discharge rates for optimized grating patches presented via the dominant vs. optimized grating
patches presented via the non-dominant eyes. Eii Mean peak discharges rates of HEDI and LEDI cells for stimuli presented via the dominant or non-
dominant eyes. Error bars indicate SEM; # indicates marginally significant (P,0.05, Mann-Whitney test, one-tailed criterion) difference.
doi:10.1371/journal.pone.0099600.g006
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interocular matching of optimal orientations contribute strongly to

binocular integration of retinal disparities and thus are able to

extract information relevant to estimation of depth [77].

It appears that in mammalian primary visual cortices, good

interocular matches of preferred orientations are essential for

facilitatory or just summative binocular interaction at the single

neuron level. Indeed, in case of area 17 neurons of cats [24,63,78–

85] or macaque monkeys [86], orientations outside the excitatory

tuning range of the cell produce a clear suppression. In cat’s

primary visual cortices common binocular experience of visual

contours is not necessary for development of identical orientation

maps for stimuli presented separately through each eye [90–92].

Nevertheless, it is very likely that some kind of correlation based

‘Hebbian’ learning mechanism [75,93,94] including stimulus-

timing-dependent-plasticity [95,96] is responsible for excellent

interocular matching of preferred orientations of binocular cells in

mammalian primary visual cortices. Putative mechanisms that

underpin the orientation selectivity in mammalian visual cortex

are still hotly debated [53,87–89]. The strong interocular

correlation of optimal orientations of binocular area 17 and area

18 neurons, suggest that the optimal orientations are, at least

partially, determined by the mechanisms operating at post

binocular convergence, that is, cortical level.

4.3 Direction selectivity indices
It has reported that some area 18 binocular neurons, unlike

neurons in area 17, are tuned to direction of motion in depth

[36,37,97,98]. Consistent with those findings in a proportion of

cells in the present sample, the preferred direction of movement

for stimuli presented via the dominant eye was opposite to the

preferred direction of drift for stimuli presented via the non-

dominant eye. As previously mentioned, such cells respond

strongly to stimuli approaching the animal. However, the

proportion of such cells was small and the present data does not

provide strong support for the notion that area 18 cells are tuned

to direction of motion in depth.

Overall, the strong interocular correlation of DS indices of

binocular area 18 neurons suggest that the direction selectivities

are determined, at least partially, by the mechanisms operating at

post binocular convergence, that is, cortical level.

Direction selectivity, like orientation selectivity, is strongly

susceptible to the influence of visual experience. Thus, in kittens

exposed exclusively to stationary, flashing (8 Hz) contours and

therefore deprived of experience of visual motion, there is a

dramatic reduction in the number of area 17 cells exhibiting

narrow directional tuning [75,99]. Furthermore, in the kittens

raised in uni-directionally moving visual contours, most area 17

cells respond more strongly to stimuli moving in the direction to

which the animals were exposed [75,99]. To our knowledge, there

is no data collected from cats raised in visual environment in which

each eye was exposed to opposite directions of movement.

4.4 Optimal spatial frequencies
Consistent with a somewhat inverse relation between the

optimal spatial frequency and eccentricity of receptive field

position of geniculate neurons [100], irrespective of the eye

through which they were stimulated (dominant or non-dominant),

the optimal spatial frequencies of both complex and simple cells

with discharge fields close to areae centrales tended to be higher than

those of cells with more peripherally located discharge fields. It is

worth noting that when the stimuli were presented via the non-

dominant eyes, optimal spatial frequencies (.0.6 cy/deg) of some

complex cells were in the range of X-type rather than Y-type

geniculate neurons [100,101]. In view of paucity of direct X-type

geniculate projection to area 18 [28,47,51,52,102] such putative

X-type input would have to be relayed via area 17 [103–105],

which receives its principal dorsal thalamic input from X-type

geniculate neurons and sends massive projections to area 18

[27,28,106,107]. Indeed, consistent with dominance of X-type

input to area 17, The present study along with others show that

the mean optimal spatial frequencies of both simple and complex

cells recorded from area 17 of the cat are ,2.5-3 times higher than

those of area 18 cells [40,48,29]. It is also worth noting that while

the optimal preferred spatial frequencies of area 17 cells are largely

independent of temporal parameters of drifting, in the case of area

18 cells, the optimal spatial frequencies became higher when the

temporal frequency of drift or velocity of motion was reduced

suggesting that at lower temporal frequencies area 18 cells are

driven by X rather than Y-input [108,109].

4.5 Interocular correlations of optimal spatial frequencies
It has been suggested that interocular differences in spatial

frequency (spatial frequency disparities), like the interocular

differences in the preferred orientations (see above) might also

provide information concerning three-dimensional (3D) slant or

tilt (away fron the fronto-parallel plane) of surfaces viewed [110–

112].

It has been reported that interocular ‘mismatches’ in preferred

spatial frequencies of binocular area 17 neurons are very common

in cats binocularly deprived of visual contours throughout the

critical period [73]. In area 17 of normal cats [40] and macaques

[113], cells with interocular mismatches in optimal spatial

frequencies are reported to be rather uncommon. Indeed, in

binocular area 17 cells of normal cats, the interocular correlation

of optimal spatial frequencies is very strong (coefficient of

correlation - r = 0 92; 40). Others however, report substantial

proportions of binocular cells with interocular mismatches in

optimal spatial frequencies both in area 17 [41,114] and area 18

[41] of normal cats. Overall, the strong interocular correlations of

optimal spatial frequencies of binocular area 17 and area 18

neurons, suggest that the optimal spatial frequencies are, at least

partially, determined by the mechanisms operating at post

binocular convergence, that is, cortical level.

Table 2. Magnitude of suppression indices of binocular area 18 neurons (HEDI vs. LEDI).

Mean SI of HEDI cells Mean SI of LEDI cells Significance of the differences*

Dominant eye 37.9567.4%; n = 20 44.4567.0%; n = 17 P.0.05

Non-dominant eye 61.967.5%; n = 20 43.066.7%; n = 17 P,0.02

Significance of the differences‘ P,0.02 P.0.05

*P values refer to result of Mann-Whitney U-test (two-tailed criterion).
‘P values refer to result of Wilcoxon matched-pairs signed-ranks test (two-tailed criterion).
doi:10.1371/journal.pone.0099600.t002
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In the majority but not all, cat’s and macaque’s area 17 cells,

spatial frequencies on one or both sides of the excitatory spatial

frequency tuning range of the cells produce a clear suppression

[115–117]. On the other hand, silent suppressive surrounds of

area 18 cells tend to be more broadly tuned for spatial frequency

than the excitatory receptive fields (sRF in the present terminol-

ogy) but the optimal spatial frequencies of suppressive surround

and sRF tend to be the same [29].

4.6 Spatial frequency bandwidths
Sharper spatial frequency tuning (narrower bandwidth) of

cortical cells in relation to spatial frequency tuning of their

geniculate inputs has been attributed to inhibitory intracortical

network [116]. Similarly, narrower spatial frequency bandwidths

of simple (mean 1.76 octaves for stimuli presented via the

dominant eyes) vs. complex (mean 2.27 octaves for stimuli

presented via the dominant eyes) area 18 cells might be related

to the fact that suppressive indices of simple cells tend to be greater

than those of complex cells. On the other hand, in case of

binocular area 17 cells, the mean spatial frequency bandwidth of

simple cells to stimuli presented via the dominant eye at 1.73

octaves was not significantly different from that (1.80 octaves) of

complex cells (40). Furthermore, the reported (40) interocular

correlation of spatial frequency bandwitdh of area 17 neurons of

normal cats (correlation coefficient r = 0.76) is substantially

stronger than that (correlation coefficient r = 0.405) of area 18

cells (the present study).

It is also worth noting that in the case of cat’s LGN neurons,

iontophoretic application of selective c- amino-butyric acid,

GABAA receptor blocker, bicuculline in most cases results in

converting spatial frequency tuned cells into low-pass cells [118].

4.7 Temporal frequencies
Area 18 neurons are characterized by lower temporal frequency

high cut-offs than those of LGN neurons [29,100,101]. The wide

range of optimal temporal frequencies of area 18 cells irrespective

of the eye (dominant or non-dominant) and poor interocular

correlation appears to reflect a great heterogeneity of temporal

responses of LGN neurons [100,101]. To our knowledge, there are

no published data concerning the interocular correlation of

optimal temporal frequencies and temporal frequencies high-cut

offs in binocular area 17 cells of normal cats.

There does not seem to be a good teleological ‘stereoscopic’

reason for imposing good interocular correlation of optimal

temporal frequencies. On the other hand, the latency differences

between the responses to stimuli presented via dominant eye vs.

the non-dominant eye might play an important role in unitary

stereoscopic perception [119].

4.8 Sizes of sRF
The interocular correlation of sRF sizes was very poor. In our

previous study [29] we have provided substantial evidence

indicating that the sizes of sRF, as well as the sizes of the

discharge fields of area 18 cells are inversely related to the

magnitude of the suppressive indices. Thus, the smaller sRF

revealed by stimulation via the non-dominant eyes are consistent

with greater SI revealed by stimulation via the non-dominant eyes.

As mentioned earlier, irrespective of the eyes (dominant or non-

dominant) through which the stimuli were presented, the optimal

spatial frequencies of both simple and complex cells with centrally

located discharge fields tended to be higher than those of cells with

more peripherally located discharge fields. Consistent with the

inverse relation between dominant eye discharge field sizes and

optimal spatial frequencies, sRF of both simple and complex cells

with centrally located discharge fields tended to be smaller than

those of cells with more peripherally located discharge fields.

However, this inverse relationship between the sRF size and the

optimal spatial frequency is not consistent when comparing simple

and complex cells.

4.9 Suppression indices and eye dominance
The magnitude of spike-responses of area 18 neurons is

inversely related to the magnitude of SI [29]. Consistent with

this, in about 50% of area 17 cells, iontophoretic application of

GABAA receptor blocker - bicuculline results in either: 1)

conversion of monocular neurons into binocular neurons activated

approximately equally strongly by stimuli presented via each eye

(our LEDI cells) or 2) reversal of eye dominance of binocular

neurons [120]. Furthermore, shift in the ocular dominance of

neurons in primary visual cortex of the mouse following the

monocular deprivation during the critical period, is based on

parallel reduction of both excitation and inhibition driven by the

deprived eye as well as reduction of the inhibition (but not

excitation) driven by the non-deprived eye [121]. Thus, it appears

that in a large proportion of cells in primary visual cortices, the eye

dominance is based on the inhibitory process suppressing the non-

dominant eye input rather than substantial interocular differences

in the strength of the excitatory inputs [122].

4.10 Suppression indices and eye dominance columns:
putative relation to stereoscopic depth perception

The precise functional micro-architecture for binocular dispar-

ity selectivity in cat area 18 appears to be unrelated to the micro-

architecture of ocular dominance [123]. However, Gardner &

Raiten [124], reported that among neurons recorded from cat

area 18 and along the 17/18 border, those with a low eye

dominance indices (presumed equivalents of our LEDI cells), tend

to be insensitive to binocular position disparity while those with

high eye dominance indices (presumed equivalents of our HEDI

cells) as well as apparently monocular cells, tend to be highly

sensitive to binocular position disparity. We have established here,

that at least in the distinct part of cat primary visual cortex, the

parastriate cortex, the suppression indices of silent, extra-classical

receptive fields of the non-dominant eyes of HEDI cells are

significantly greater than those of the dominant eyes. This

combined with well established anatomical segregation of eye

dominance columns in primary visual cortices (see Introduction)

would provide neuronal networks with additional information

which might play a role in binocular depth discrimination -

stereoscopic vision.

Summary and Conclusions

We have tested quantitatively the degree of interocular

matching of receptive field properties in a sample of binocular

neurons recorded from cytoarchitectonic area 18 (parastriate

cortex) of the cat.

Observed by us good interocular ‘matching’ (strong interocular

correlations) of phase-sensitivities and preferred orientations in

area 18 (Table 1.1. and 1.2.) is consistent with earlier reports of

good interocular matching of phase-sensitivities and preferred

orientations in binocular cells recorded from cytoarchitectonic

area 17 (striate cortex- see 4.1 and 4. 2 of the Discussion) of

normal cats.

There was also a strong interocular correlation of direction

selectivity indices (DSI) of area 18 neurons (Table 1.3.). However,

consistent with earlier reports in some cells, the preferred direction

for stimuli presented via the dominant eye was opposite to this for
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stimuli presented via the non-dominant eye (sensitivity to looming

objects).

There was a strong interocular correlation of optimal spatial

frequencies of area 18 neurons (Table 1.4.). The interocular

correlation of optimal spatial frequencies of binocular in area 17

neurons of normal cats, is also very strong (see 4.4 and 4.5 of the

Discussion). However, in proportions of both simple and complex

area 18 and area 17 cells (see 4.5 of the Discussion), the optimal

spatial frequencies for stimuli presented via the dominant eyes

were different from those for stimuli presented via the non-

dominant eyes.

The interocular correlation of spatial frequency bandwidth of

area 18 neurons was rather weak (Table 1.5.). Interestingly, the

interocular correlation of spatial frequency bandwidth of area 17

neurons was much stronger (see 4.6 of the Discussion).

The interocular correlations of optimal temporal frequencies,

size of summation areas of excitatory receptive fields (sRF) and

suppression indices (SI) of area 18 neurons was weak

(Table 1.6.,1.7.,1.8.).

In area 18 neurons with high eye dominance indices (HEDI

cells), the mean magnitudes of suppressions evoked by stimulation

of silent, extra-classical receptive fields via the non-dominant eyes,

were significantly greater than those when the stimuli were

presented via the dominant eyes (Table 2). It is likely, that similar

interocular differences characterize HEDI cells in area 17 (see 4.10

of the Discussion).

We argue that as in the case of binocular neurons in cat’s area

17, good interocular matching of certain receptive field properties

of binocular area 18 neurons, plays important role in creation of

stereoscopic single vision as well as extracting from retinal images

information necessary for effective binocular depth discrimination.

Acknowledgments

We are indebted to Spencer Chen and one of the reviewers for help with

statistical analysis. We are also grateful to Paul R. Martin and Daniel

Osorio for their insightful comments.

Author Contributions

Conceived and designed the experiments: PR NZ CW BD. Performed the

experiments: PR NZ CW BD. Analyzed the data: PR NZ CW BD.

Contributed reagents/materials/analysis tools: PR NZ CW BD. Wrote the

paper: PR NZ CW BD.

References

1. Erulkar SD, Fillenz M (1960) Single-unit activity in the lateral geniculate body

of the cat. The Journal of Physiology 154: 206–218.

2. Sanderson KJ, Darian-Smith I, Bishop PO (1969) Binocular corresponding
receptive fields of single units in the cat dorsal lateral geniculate nucleus. Vision

Research 9: 1297–1303.

3. Singer W (1970) Inhibitory binocular interaction in the lateral geniculate body
of the cat. Brain Research 18: 165–170.

4. Rodieck RW, Dreher B (1979) Visual suppression from nondominant eye in the

lateral geniculate nucleus: a comparison of cat and monkey. Experimental

Brain Research 35: 465–477.

5. Kato H, Bishop PO, Orban GA (1981) Binocular interaction on monocularly
discharged lateral geniculate and striate neurons in the cat. Journal of

Neurophysiology 46: 932–951.

6. Wang C, Dreher B, Burke W (1994) Non-dominant suppression in the dorsal
lateral geniculate nucleus of the cat: laminar differences and class specificity.

Experimental Brain Research 97: 451–465.

7. Hubel DH, Wiesel TN (1968) Receptive fields and functional architecture of

monkey striate cortex. The Journal of Physiology 195: 215–243.

8. Wiesel TN, Hubel DH, Lam DM (1974) Autoradiographic demonstration of
ocular-dominance columns in the monkey striate cortex by means of

transneuronal transport. Brain Research 79: 273–279.

9. LeVay S, Hubel DH, Wiesel TN (1975) The pattern of ocular dominance
columns in macaque visual cortex revealed by a reduced silver stain. The

Journal of Comparative Neurology 159: 559–576.

10. Anderson PA, Olavarria J, Van Sluyters RC (1988) The overall pattern of

ocular dominance bands in cat visual cortex. The Journal of Neuroscience 8:
2183–2200.

11. Horton JC, Adams DL (2005) The cortical column: a structure without a

function. Philosophical transactions of the Royal Society - Biological Sciences
360: 837–862.

12. Wheatstone C (1838) Contributions to the physiology of vision I: on some

remarkable, and hitherto unobserved, phenomena of binocular vision.
Philosophical transactions of the Royal Society: 371–394.

13. Barlow HB, Blakemore C, Pettigrew JD (1967) The neural mechanism of

binocular depth discrimination. The Journal of Physiology 193: 327–342.

14. Pettigrew JD, Nikara T, Bishop PO (1968) Binocular interaction on single units

in cat striate cortex: simultaneous stimulation by single moving slit with
receptive fields in correspondence. Experimental Brain Research 6: 391–410.

15. Nelson JI, Kato H, Bishop PO (1977) Discrimination of orientation and

position disparities by binocularly activated neurons in cat striate cortex.
Journal of Neurophysiology 40: 260–283.

16. Maske R, Yamane S, Bishop PO (1984) Binocular simple cells for local

stereopsis: comparison of receptive field organizations for the two eyes. Vision

Research 24: 1921–1929.

17. Ohzawa I, DeAngelis GC, Freeman RD (1990) Stereoscopic depth discrim-
ination in the visual cortex: neurons ideally suited as disparity detectors.

Science 249: 1037–1041.

18. DeAngelis GC, Ohzawa I, Freeman RD (1991) Depth is encoded in the visual
cortex by a specialized receptive field structure. Nature 352: 156–159.

19. DeAngelis GC, Ohzawa I, Freeman RD (1995) Neuronal mechanisms

underlying stereopsis: how do simple cells in the visual cortex encode binocular

disparity? Perception 24: 3–31.

20. Anzai A, Ohzawa I, Freeman RD (1999) Neural mechanisms for processing

binocular information II. Complex cells. Journal of Neurophysiology 82: 909–

924.

21. Anzai A, Ohzawa I, Freeman RD (1999) Neural mechanisms for processing

binocular information I. Simple cells. Journal of Neurophysiology 82: 891–908.

22. Nikara T, Bishop PO, Pettigrew JD (1968) Analysis of retinal correspondence

by studying receptive fields of binocular single units in cat striate cortex.

Experimental Brain Research 6: 353–372.

23. Joshua DE, Bishop PO (1970) Binocular single vision and depth discrimination.

Receptive field disparities for central and peripheral vision and binocular

interaction on peripheral single units in cat striate cortex. Experimental Brain

Research 10: 389–416.

24. Bishop PO, Henry GH, Smith CJ (1971) Binocular interaction fields of single

units in the cat striate cortex. The Journal of Physiology 216: 39–68.

25. Blake R, Wilson HR (1991) Neural models of stereoscopic vision. Trends in

Neurosciences 14: 445–452.

26. Cumming BG, DeAngelis GC (2001) The physiology of stereopsis. Annual

Review of Neuroscience 24: 203–238.

27. Dreher B (1986) Thalamocortical and corticocortical interconnections in the

cat visual system: relation to the mechanisms of information processing. In:

Pettigrew JD, Sanderson KJ, Levick WR, editors.Visual Neuroscience.

London, England:Cambridge University Press. pp. 290–314.

28. Payne BR, Peters A (2002) The concept of cat primary visual cortex. In: Payne

BR, Peters A, editors.The cat primary visual cortex. 2nd ed. San Diego,

CA:Academic Press. pp. 1–29.

29. Romo PA, Wang C, Zeater N, Solomon SG, Dreher B (2011) Phase

sensitivities, excitatory summation fields, and silent suppressive receptive fields

of single neurons in the parastriate cortex of the cat. Journal of Neurophys-

iology 106: 1688–1712.

30. LeVay S, Ferster D (1977) Relay cell classes in the lateral geniculate nucleus of

the cat and the effects of visual deprivation. The Journal of Comparative

Neurology 172: 563–584.

31. Shatz CJ, Lindstrom S, Wiesel TN (1977) The distribution of afferents

representing the right and left eyes in the cat’s visual cortex. Brain Research

131: 103–116.

32. LeVay S, Wiesel TN, Hubel DH (1980) The development of ocular dominance

columns in normal and visually deprived monkeys. The Journal of

Comparative Neurology 191: 1–51.

33. Berman N, Payne BR, Labar DR, Murphy EH (1982) Functional organization

of neurons in cat striate cortex: variations in ocular dominance and receptive-

field type with cortical laminae and location in visual field. Journal of

Neurophysiology 48: 1362–1377.

34. Tieman SB, Tumosa N (1983) [14C]2-deoxyglucose demonstration of the

organization of ocular dominance in areas 17 and 18 of the normal cat. Brain

Research 267: 35–46.

35. Pettigrew JD, Dreher B (1987) Parallel processing of binocular disparity in the

cat’s retinogeniculocortical pathways. Proceedings of the Royal Society of

London Series B Biological Sciences 232: 297–321.

36. Pettigrew JD (1973) Binocular neurons which signal change of disparity in area

18 of cat visual cortex. Nature: New biology 241: 123–124.

Interocular Matching of Cortical Receptive Fields

PLOS ONE | www.plosone.org 15 June 2014 | Volume 9 | Issue 6 | e99600



37. Cynader M, Regan D (1978) Neurones in cat parastriate cortex sensitive to the
direction of motion in three-dimensional space. The Journal of Physiology 274:

549–569.

38. Ferster D (1981) A comparison of binocular depth mechanisms in areas 17 and

18 of the cat visual cortex. The Journal of Physiology 311: 623–655.

39. LeVay S, Voigt T (1988) Ocular dominance and disparity coding in cat visual
cortex. Visual Neuroscience 1: 395–414.

40. Skottun BC, Freeman RD (1984) Stimulus specificity of binocular cells in the
cat’s visual cortex: ocular dominance and the matching of left and right eyes.

Experimental Brain Research 56: 206–216.

41. Sanada TM, Ohzawa I (2006) Encoding of three-dimensional surface slant in

cat visual areas 17 and 18. Journal of Neurophysiology 95: 2768–2786.

42. Rodieck RW, Pettigrew JD, Bishop PO, Nikara T (1967) Residual eye
movements in receptive-field studies of paralyzed cats. Vision Research 7: 107–

110.

43. Pettigrew JD, Cooper ML, Blasdel GG (1979) Improved use of tapetal

reflection for eye-position monitoring. Investigative Ophthalmology & Visual
Science 18: 490–495.

44. Bishop PO, Kozak W, Vakkur GJ (1962) Some quantitative aspects of the cat’s

eye: axis and plane of reference, visual field co-ordinates and optics. The
Journal of Physiology 163: 466–502.

45. Sanderson KJ, Sherman SM (1971) Nasotemporal overlap in visual field
projected to lateral geniculate nucleus in the cat. Journal of Neurophysiology

34: 453–466.

46. DiCarlo JJ, Lane JW, Hsiao SS, Johnson KO (1996) Marking microelectrode
penetrations with fluorescent dyes. Journal of Neuroscience Methods 64: 75–

81.

47. Dreher B, Leventhal AG, Hale PT (1980) Geniculate input to cat visual cortex:

a comparison of area 19 with areas 17 and 18. Journal of Neurophysiology 44:
804–826.

48. Bardy C, Huang JY, Wang C, FitzGibbon T, Dreher B (2006) ‘Simplification’

of responses of complex cells in cat striate cortex: suppressive surrounds and
‘feedback’ inactivation. The Journal of Physiology 574: 731–750.

49. Gardner JL, Anzai A, Ohzawa I, Freeman RD (1999) Linear and nonlinear
contributions to orientation tuning of simple cells in the cat’s striate cortex.

Visual Neuroscience 16: 1115–1121.

50. Siegel S (1956) Non-parametric statistics for the behavioral sciences. New York

(NY): McGraw-Hill.

51. Freund TF, Martin KA, Whitteridge D (1985) Innervation of cat visual areas
17 and 18 by physiologically identified X- and Y- type thalamic afferents. I.

Arborization patterns and quantitative distribution of postsynaptic elements.
The Journal of Comparative Neurology 242: 263–274.

52. Humphrey AL, Sur M, Uhlrich DJ, Sherman SM (1985) Termination patterns
of individual X- and Y-cell axons in the visual cortex of the cat: projections to

area 18, to the 17/18 border region, and to both areas 17 and 18. The Journal

of Comparative Neurology 233: 190–212.

53. Hubel DH, Wiesel TN (1962) Receptive fields, binocular interaction and

functional architecture in the cat’s visual cortex. The Journal of Physiology 160:
106–154.

54. Heggelund P (1986) Quantitative studies of the discharge fields of single cells in
cat striate cortex. The Journal of Physiology 373: 277–292.

55. Macy A, Ohzawa I, Freeman RD (1982) A quantitative study of the

classification and stability of ocular dominance in the cat’s visual cortex.
Experimental Brain Research 48: 401–408.

56. Dreher B, Michalski A, Cleland BG, Burke W (1992) Effects of selective
pressure block of Y-type optic nerve fibers on the receptive-field properties of

neurons in area 18 of the visual cortex of the cat. Visual Neuroscience 9: 65–78.

57. Burke W, Dreher B, Michalski A, Cleland BG, Rowe MH (1992) Effects of

selective pressure block of Y-type optic nerve fibers on the receptive-field

properties of neurons in the striate cortex of the cat. Visual Neuroscience 9: 47–
64.

58. Hubel DH, Wiesel TN (1959) Receptive fields of single neurones in the cat’s
striate cortex. The Journal of Physiology 148: 574–591.

59. Sarnaik R, Wang BS, Cang J (2013) Experience-dependent and independent

binocular correspondence of receptive field subregions in mouse visual cortex.
Cerebral Cortex doi: 101093/cercor/bht027; 1–13

60. Skottun BC, De Valois RL, Grosof DH, Movshon JA, Albrecht DG, et al.
(1991) Classifying simple and complex cells on the basis of response

modulation. Vision Research 31: 1079–1086.

61. Blakemore C, Van Sluyters RC (1974) Reversal of the physiological effects of

monocular deprivation in kittens: further evidence for a sensitive period. The

Journal of Physiology 237: 195–216.

62. Blakemore C, Van Sluyters RC (1975) Innate and environmental factors in the

development of the kitten’s visual cortex. The Journal of Physiology 248: 663–
716.

63. Blakemore C, Tobin EA (1972) Lateral inhibition between orientation
detectors in the cat’s visual cortex. Experimental Brain Research 15: 439–440.

64. Bridge H, Cumming BG (2001) Responses of macaque V1 neurons to

binocular orientation differences. The Journal of Neuroscience 21: 7293–7302.

65. Cynader M, Regan D (1982) Neurons in cat visual cortex tuned to the direction

of motion in depth: effect of positional disparity. Vision Research 22: 967–982.

66. Spileers W, Orban GA, Gulyas B, Maes H (1990) Selectivity of cat area 18

neurons for direction and speed in depth. Journal of Neurophysiology 63: 936–
954.

67. Hirsch HV, Spinelli DN (1971) Modification of the distribution of receptive

field orientation in cats by selective visual exposure during development.

Experimental Brain Research 12: 509–527.

68. Stryker MP, Sherk H, Leventhal AG, Hirsch HV (1978) Physiological

consequences for the cat’s visual cortex of effectively restricting early visual

experience with oriented contours. Journal of Neurophysiology 41: 896–909.

69. Movshon JA (1976) Reversal of the physiological effects of monocular

deprivation in the kitten’s visual cortex. The Journal of Physiology 261: 125–

174.

70. Crewther SG, Crewther DP, Peck CK, Pettigrew JD (1980) Visual cortical

effects of rearing cats with monocular or binocular cyclotorsion. Journal of

Neurophysiology 44: 97–118.

71. Bruce CJ, Isley MR, Shinkman PG (1981) Visual experience and development

of interocular orientation disparity in visual cortex. Journal of Neurophysiology

46: 215–228.

72. Shinkman PG, Isley MR, Rogers DC (1983) Prolonged dark rearing and

development of interocular orientation disparity in visual cortex. Journal of

Neurophysiology 49: 717–729.

73. Ohzawa I, Freeman RD (1988) Binocularly deprived cats: binocular tests of

cortical cells show regular patterns of interaction. The Journal of Neuroscience

8: 2507–2516.

74. Frégnac Y, Imbert M (1984) Development of neuronal selectivity in primary

visual cortex of cat. Physiological Reviews 64: 325–434.

75. Rauschecker JP (1991) Mechanisms of visual plasticity: Hebb synapses, NMDA

receptors, and beyond. Physiological Reviews 71: 587–615.

76. Wang BS, Sarnaik R, Cang J (2010) Critical period plasticity matches binocular

orientation preference in the visual cortex. Neuron 65: 246–256.

77. Scholl B, Burge J, Priebe NJ (2013) Binocular integration and disparity

selectivity in mouse primary visual cortex. Journal of Neurophysiology 109:

3013–3024.

78. Sillito AM (1979) Inhibitory mechanisms influencing complex cell orientation

selectivity and their modification at high resting discharge levels. The Journal of

Physiology 289: 33–53.

79. Morrone MC, Burr DC, Maffei L (1982) Functional implications of cross-

orientation inhibition of cortical visual cells. I. Neurophysiological evidence.

Proceedings of the Royal Society of London Series B Biological Sciences 216:

335–354.

80. Ohzawa I, Freeman RD (1986) The binocular organization of complex cells in

the cat’s visual cortex. Journal of Neurophysiology 56: 243–259.

81. Ramoa AS, Shadlen M, Skottun BC, Freeman RD (1986) A comparison of

inhibition in orientation and spatial frequency selectivity of cat visual cortex.

Nature 321: 237–239.

82. Hata Y, Tsumoto T, Sato H, Hagihara K, Tamura H (1988) Inhibition

contributes to orientation selectivity in visual cortex of cat. Nature 335: 815–

817.

83. Bonds AB (1989) Role of inhibition in the specification of orientation selectivity

of cells in the cat striate cortex. Visual Neuroscience 2: 41–55.

84. Sengpiel F, Blakemore C, Harrad R (1995) Interocular suppression in the

primary visual cortex: a possible neural basis of binocular rivalry. Vision

Research 35: 179–195.

85. Hammond P, Kim JN (1996) Role of suppression in shaping orientation and

direction selectivity of complex neurons in cat striate cortex. Journal of

Neurophysiology 75: 1163–1176.

86. Ringach DL, Bredfeldt CE, Shapley RM, Hawken MJ (2002) Suppression of

neural responses to nonoptimal stimuli correlates with tuning selectivity in

macaque V1. Journal of Neurophysiology 87: 1018–1027.

87. Vidyasagar TR, Pei X, Volgushev M (1996) Multiple mechanisms underlying

the orientation selectivity of visual cortical neurones. Trends in Neurosciences

19: 272–277.

88. Ferster D, Miller KD (2000) Neural mechanisms of orientation selectivity in the

visual cortex. Annual Review of Neuroscience 23: 441–471.

89. Kuhlmann L, Vidyasagar TR (2011) A computational study of how orientation

bias in the lateral geniculate nucleus can give rise to orientation selectivity in

primary visual cortex. Frontiers in Systems Neuroscience 5: 81.
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